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The E949 experiment at the Alternating Gradient
Synchrotron at Brookhaven National Laboratory
is an international collaboration of 70 scientists

from the United States, Canada, Russia and Japan. This
experiment follows the successful E787 discovery of
K+Æπ+νν with a detailed study of this mode at an order
of magnitude improved sensitivity.

The K+Æπ+νν decay is one of the ‘Golden Modes’ for
study of CP violation and quark mixing, and along with the
neutral analog K0Æπ0νν can completely determine the
CKM triangle. These KÆπνν modes have small
theoretical uncertainty, allowing unambiguous extraction
of quark mixing and CP violation parameters. The
KÆπνν measurements are timely and important and
complementary to those obtained from the B system.
Measurement of K+Æπ+νν directly complements the
results expected soon on Bs mixing from the CDF and D0
experiments presently collecting data at the Fermilab
Tevatron, since the ratio ÎMB /ÎMB  also gives a clean
determination of ÁVtdÁ. Any discrepancies in the values
found in the K and B systems would be unambiguous
indicators of new physics.

The E787 experiment presented
evidence for the K+Æπ+νν decay
based on the observation of two
clean events with an expected
background of 0.15±  0.05 events at
a branching ratio of 1.57+1.75 ¥10-10.
The result is consistent with the
SM expectation of B(K+Æπ+νν ) =
(0.72 ± 0.21) ¥ 10-10, but the
central experimental value exceeds
it by a factor of two.

The goal of E949 is to reach a sensitivity of 10-11after 3
years of running at full intensity of the AGS during RHIC
operations. E949 encompasses many improvements to the
E787 apparatus that decrease backgrounds and allow for
running at higher rates. The experience of E787 provides a
high level of confidence in projecting the sensitivity of
E949, which has been borne out by preliminary
examination of the data from the first 12-week run of
E949 in 2002. This brief run demonstrated the superior
performance of E949 and achieved sensitivity comparable
to E787.  The
possibility of a
larger than
expected
branching ratio
gives strong
impetus for E949
to fully explore
the possibility of
new physics, or
alternatively to
make a precise
measurement of
the magnitude of Vtd.
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∼70 physicists, plus a lot of hard work from earlier E787 collaborators.
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Processes with small theoretical uncertainties

Process Experiments

B(K+ → π+νν̄) E787/E949, FNAL-E921

B(K0
L → π0νν̄) KOPIO, E391a

A(B → J/ψK0
S) BaBar, Belle

CP violating decay rate asymmetry

∆MBs/∆MBd CDF, D0, LHCb, BTeV

ratio of mixing frequencies of Bs and Bd mesons

• Comparison of |Vtd| from B(K+ → π+νν̄) and from
∆MBs

/∆MBd
provides an important test of the SM.

• Comparison of sin 2β from B(K0
L → π0νν̄)/ B(K+ → π+νν̄) and from

A(B → J/ψK0
S) is perhaps the definitive test of the SM picture of

CP violation.
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Candidate E787A Candidate E787C
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“PNN2” “PNN1”

Pπ (MeV/c) [140,195] [211,229]
Years 1996-97 1995-98

Stopped K+ 1.7 × 1012 5.9 × 1012

Sensitivity (S.E.S.) 6.9 × 10−10 0.83 × 10−10

Candidates 1 2
Background 1.22 ± 0.24 0.15 ± 0.05

B(K+ → π+νν̄) < 22 × 10−10 (1.57+1.75
−0.82) × 10−10

PNN1: PRL 88, 041803 (2002).

PNN2: limit is combined from 1996 [PL B537, 211 (2002)] and

1997 [hep-ex/0403034] data. (1997 acceptance 1.27× 1996)
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Experimental Considerations for K+ → π+νν

• 3-body decay with 2 missing particles ⇒ 0 ≤ Pπ+ ≤ 227MeV/c ...and B< 10−10

• Must veto each extra particle to ≤ 10−3

• Particle identification (PID) is essential.
• Redundant precise kinematic measurements.
• Supress backgrounds by 1011

Pπ+ in K+ rest frame

Process B PID veto kin. time

K+ → π+π0 (Kπ2) 0.21 -
√ √ √

-

K+ → µ+ν (Kµ2) 0.63
√

-
√

-

K+ → µ+νγ 0.005
√ √

- -

K+ → π0µ+ν 0.032
√ √ √

- -

K+ → π0e+ν 0.048
√ √ √

- -

K+ → π+π−π+ 0.056 -
√ √ √

-

π+ scatter -
√

- -
√

K+n → KL p;

KL → π+�−ν - -
√

-
√

“kin.” = kinematic suppression

“PID” = includes π/µ and K/π discrimination

B(K+ →π+νν ) = 0.77 × 10−10
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E949 method

• ∼ 700 MeV/c K+ beam
• Stop K+ in scint. fiber target
•Wait at least 2 ns for K+ decay
• Measure P in drift chamber
•Measure range R and energy E

in target and range stack (RS)
• Stop π+ in range stack
• Observe π+ → µ+ → e+ in RS
• Veto photons, charged tracks
•New/upgraded detector el-
ements
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E949 Upgrades

Upgrades to E787:
• More protons from AGS
• Improved photon veto
→ Lower phase space now accessible
• Improved tracking and kinematic
resolution
• Improved trigger/DAQ — reduce
deadtime and allow high rate opera-
tion
• Improved beam system

Not optimal in 2002:
1. Duty factor.
2. Proton energy.
3. K/π separation, K+ flux
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E787 and E949 analysis strategy

• A priori identification of background sources.

• Suppress each background source with at least two

independent cuts.

• Backgrounds cannot be reliably simulated: measure

with data by inverting cuts and measuring rejection

taking any (small) correlations into account.

• To avoid bias, set cuts using 1/3 of data, then mea-

sure backgrounds with remaining 2/3 sample.

• Verify background estimates by loosening cuts and

comparing observed and predicted rates.

• Use MC to measure geometrical acceptance for

K+ → π+νν̄. Verify by measuring B(K+ → π+π0).

• “Blind” analysis. Don’t examine signal region until

all backgrounds verified.

Select photons, measure rejection of kinematic

cuts (P, R, E).

Select K+ → π+π0 kinematically, measure rejec-

tion of photon veto.

Online PV⇓
Offline PV ⇓
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Verify background prediction by loosening cuts

Relax cut to reduce rejection by ×10. New, larger region should have 10× background of

signal box.

PV×KIN 10 × 10 20 × 20 20 × 50 50 × 50 50 × 100

Kπ2 Observed 3 4 9 22 53

Predicted 1.1 4.9 12.4 31.1 62.4

TD×KIN 10 × 10 20 × 20 50 × 50 80 × 50 120 × 50

Kµ2 Observed 0 1 12 16 25

Predicted 0.35 1.4 9.1 14.5 21.8

TD×KIN 10 × 10 20 × 20 50 × 20 80 × 20 80 × 40

Kµm Observed 1 1 4 5 11

Predicted 0.31 1.3 3.2 5.2 10.4

Kµm ≡ K+ → µ+νγ, K+ → π0µ+ν and K+ → π+π0; π+ → µ+ν

TD≡ π → µ → e identification, PV≡Photon Veto rej., KIN≡ kinematic rej. M × N ≡
reduction in rejection with respect to signal region (≡1×1)

Quantify consistency: Fit Nobs = cNpred and expect c = 1.

Background c χ2 Probability Total background

Kπ2 0.85+0.12
−0.11 0.17 0.216 ± 0.023

Kµ2 1.15+0.25
−0.21 0.67 0.044 ± 0.005

Kµm 1.06+0.35
−0.29 0.40 0.024 ± 0.010
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Opening the box

Range (cm) vs Energy (MeV)
for E949 data after all other
cuts applied.

Solid line shows signal region.

Single candidate found.

Cluster near 110 MeV is
unvetoed K+ → π+π0.
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Event characteristics

Date of event April 2, 2002

Run/spill/event 48634/335/76046

Time in spill 1.27s

Kaon energy in target 79.7 MeV

Kaon time in target (tK ) 0.6 ns

z of kaon decay vertex 8.9 cm

(x, y) of kaon decay vertex (-2.8, -1.6) cm

Pion energy in target 20.8 MeV

Pion range in target 7.6 cm

Pion time in target (tπ) 4.9 ns

Pion time in IC (ictime) 3.8 ns

cos θ of the pion track -0.24

φ0 of the pion track 1.42

Pion momentum 227.3 MeV/c

Pion range 39.2 cm

Pion kinetic energy 128.9 MeV

RS stopping sector/layer 3/14

Pion lifetime 6.2 ns

Muon energy 3.7 MeV

Muon lifetime 1370.53 ns

Range-momentum 0.63
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Is this event background?

How likely is it that the candidate is due to known background?

Question: Suppose we do 100 experiments, how many will have a
candidate from a known background source that is as signal-like or more
signal-like than the observed candidate?

Answer: ∼ 7

The sum of background in all cells with si/bi greater or equal to the cell
containing the observed candidate is 0.077. The probability that 0.077
could produce one or more events is 0.074 (∼ 7/100).

The E949 candidate is more likely to be due to background than the two
E787 candidates.

Candidate E787A E787C E949A

Probability 0.006 0.02 0.07
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Combined E787/E949

Range (cm) vs. Energy (MeV) for
combined E787 and E949 data af-
ter all other cuts applied.
Dashed line is E787 signal region.
Solid line is E949 signal region.
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1995–2002: B(K+→π+νν ) = 1.47+1.30−0.89 × 10−10

E787 E949

Stopped K+ (NK) 5.9× 1012 1.8× 1012

Total Acceptance 0.0020± 0.0002 0.0022± 0.0002

S.E.S. 0.8× 10−10 2.6× 10−10

Total Background 0.14± 0.05 0.30± 0.03

Candidate E787A E787C E949A

Si/bi 50 7 0.9

Wi ≡ Si

Si+bi
0.98 0.88 0.48

bi = background of cell containing candidate

Si ≡ BAiNK = signal for cell containing candidate

Ai ≡ acceptance

B = measured central value of K+ → π+νν̄ branching fraction

Wi ≡ Si/(Si + bi) = a posteriori event weight
14



Combined E787 and E949 results for B(K+ → π+νν̄)

B(K+ → π+νν) = (1.47+1.30−0.89)× 10−10 (68% CL interval)

B(K+ → π+νν) > 0.42× 10−10 at 90% CL.

B(K+ → π+νν) < 3.22× 10−10 at 90% CL.
SM: B(K+ → π+νν̄) = (0.77± 0.11)× 10−10 [B&B NPB548,309(1999)]

B(KL → π◦νν) < 1.4× 10−9 at 90% CL. [Grossman&Nir PLB398,163(1997)]
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Progress in K+ → π+νν̄

E949(02) = combined E787& E949.
E949 projection with full running period.

Narrowing of “SM prediction”
assumes measurement of Bs

mixing consistent with prediction.
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Very interesting .... so What Next?

• A 3rd K+→π+νν event has been observed. The BR

remains 2×SM.
=⇒ More data is needed.

• E949 is analyzing more data (PNN2, phase space below the

K+→π+π◦ peak)

• More E949 running? Finish the experiment...

• Next generation K+→π+νν experiment?
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PNN2: K+ → π+νν̄ below K+ → π+π0 peak

• More phase space than PNN1

• Less loss due to π+N interactions

• P (π+) = (140,195) MeV/c probes

more of K+ → π+νν̄ spectrum

• Main background mechanism is

K+ → π+π0 followed by π+ scatter

in target.

• E787: PNN2/PNN1 acceptance ∼ 1
2

• E949 goal: PNN2 sensitivity equal to

PNN1 with S/B = 1. (This implies ×2

increase in acceptance and ×5 increase

in background rejection. )

• Upgraded photon veto.

• Improved algorithms to identify K+ →
π+π0 followed by π+ scatter in target.
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What about more running of E949

• BNL and FNAL developed a plan to fully exploit the ‘kaon’ component
of flavor physics and to capitalize on the observation of K+→π+νν by
E787. This plan included E949, designed to observe 10 SM events, and
CKM, using a new decay-in-flight technique with higher rate capability,
designed to observe 100 SM events.

• E949 was evaluated as ‘must do’ by the BNL PAC and approved by BNL
in 1998; CKM was given scientific approval by FNAL in 2001.

• This plan was endorsed by DOE-HEP and E949 was approved by DOE
in August 1999 to run for 60 weeks, concurrent with RHIC operation, over
three years (FY01–03).

• HEP operations at AGS halted by DOE after 12 weeks of successfull
running. Upgrades performed as predicted.

• A proposal to continue running E949 has been submitted to the National
Science Foundation
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The future of K+ → π+νν̄

• E949 Analysis of K+ → π+νν̄ for P (π+) < 195 MeV/c is in progress.

• The E949 detector and collaboration are ready to complete the
experiment and are awaiting funding.

• Future K+ → π+νν̄ experiments: stopped K+ at J-PARC? or
decay-in-flight experiments at FNAL or CERN?
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Conclusions

• Upgrades of E787 to create E949 were
successful.
• E949 has observed an additional
K+ → π+νν̄ candidate:
B(K+ → π+νν) = (1.47+1.30

−0.89)× 10−10 ,
twice the SM prediction. (Consistent with
the SM and similarly consistent with 3.5
times the SM.)
• The detector and collaboration are
ready to complete the experiment.
• E949 analysis of K+ → π+νν̄ for
P (π+) < 195 MeV/c is in progress. %
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Critical tests of the Standard Model:

• Overconstrain β from B◦
d →ψK◦

S and K◦
L→π◦νν /K+→π+νν

• Overconstrain |Vtd| from ∆MBs
/∆MBd

and K+→π+νν
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